Direct determination of resonance phase shifts of soft x-ray diffraction in thin films by momentum-transfer-sensitive three-wave interference by H.-H. Wu
Direct determination of resonance phase shifts of soft x-ray diffraction in thin films
by momentum-transfer-sensitive three-wave interference
H.-H. Wu,1 Y.-R. Lee,1 Y.-Y. Chang,1 C.-H. Chu,1 Y.-W. Tsai,1 Y.-J. Liu,1 C.-H. Hsieh,2 L.-J. Chou,2 and S.-L. Chang1,*
1Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300, Republic of China
2Department of Materials Science and Engineering, National Tsing Hua University, Hsinchu, Taiwan 300, Republic of China
Received 29 July 2008; published 2 September 2008
A method for direct determination of resonance phase shifts in a 001 CdTe/InSb thin-film system is
developed using soft x-ray three-wave resonance diffraction. At the 002 Bragg peaks of CdTe and InSb, two
inversion-symmetry related three-wave diffractions are systematically identified according to crystal symmetry
and the resonance phase shifts versus photon energies are measured without turning the thin film upside down.
The momentum-transfer selectivity at 002 reflections facilitates the quantitative determination of the phase
shifts near the Cd L3, Te L3, and Sb L2 edges.
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I. INTRODUCTION
Resonance x-ray diffraction, utilizing the anomalous dis-
persion near the absorption edges of a constituent element,
has recently become a powerful method for electronic and
atomic structures characterization of materials1–5 because ab-
sorption is closely linked to electronic transitions and diffrac-
tion itself reveals long-range ordering of crystalline solids. In
the literature, resonant x-ray diffraction at three-wave geom-
etry has proven to be capable of providing the information of
phase shift due to resonance, which links the real parts of
anomalous dispersion with the imaginary parts.6 This could
yield additional valence, empty orbital, and bonding infor-
mation via the analysis of diffraction anomalous fine
structure.7 Moreover, the measurement of phase shifts at
resonance could help to delineate charge/orbital ordering in
highly correlated systems.
The three-wave resonance diffraction for phase measure-
ments utilizes the fact that one of the diffracted waves serves
as a reference for the other waves in the three-wave diffrac-
tion process and the interference between the two gives rise
to intensity variation due to phase shifts at resonance. For
quantitative analysis of phase, a pair of inversion-symmetry
related ISR three-wave resonant diffractions is required. In
other words, to fulfill the symmetry inversion, the crystal
sample has to be turned upside down for the ISR diffraction
to occur. This fact seems to limit the application of this three-
wave resonant diffraction to only bulk single crystals. It is,
however, known that thin films and nanostructured materials
nowadays have widespread applications in micro/
nanoelectronic, magnetic, optical components, and solar
cells.8–10 It is therefore most desired to apply this diffraction
technique to directly measure resonance phase from thin-film
systems and the like.
In this Brief Report, we develop an x-ray three-wave reso-
nance diffraction method, which overcomes the sample ori-
entation barrier and yet provides momentum-transfer sensi-
tivity for phase measurements. Direct quantitative
determination of the distributions of resonance phases near
the Cd L3, Te L3, and Sb L2 edges for a 001 CdTe/InSb
thin-film system is reported.
II. X-RAY MULTIPLE DIFFRACTION
EXPERIMENTS AT RESONANCE
Multiple-wave diffraction occurs when a single crystal is
oriented in a position such that several sets of atomic planes
simultaneously satisfy Bragg’s laws for a single x-ray wave
length. In other words, in the reciprocal space, several
reciprocal-lattice points are simultaneously brought onto the
surface of the Ewald sphere. For example, three-wave OGL
diffraction Fig. 1a occurs when the crystal is first aligned
to satisfy the Bragg’s law of a G reflection—the primary
reflection—and is then rotated around the reciprocal-lattice
vector g of the G reflection—the azimuth  scan—to let the
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FIG. 1. Color online a Three-wave OGL diffraction geom-
etry in the reciprocal space. K O, K G, and K L are the wave vectors
of the incident, primary reflected, and secondary reflected waves.
Two sets of atomic planes of reciprocal-lattice vectors g and l
are shown to satisfy the Bragg reflection simultaneously. b
Inversion-symmetry related cases in real space. c The −2
scan of the primary reflection G=002 of CdTe/InSb at the energy
3.522 keV, where qr is the momentum transfer. The peaks of CdTe
002 and InSb 002 reflections occur at qr=q1=1.9387 Å−1 and
q2=1.9405 Å−1, respectively.
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other reciprocal-lattice point L the secondary reflection L
come onto the surface of Ewald sphere, thus, generating the
secondary diffracted wave along the wave vector KL. The
intensity variation of the primary reflection G due to the
interference between the primary reflected wave KG and the
secondary reflected wave KL gives the phase information
about the structure-factor triplet involved.11–14 In addition, to
enhance the interface sensitivity, we adopt the so-called
Bragg-surface geometry,15 where the wave vector KL of the
secondary reflected wave is parallel to the sample surface
and the primary reflection G is a symmetric Bragg reflection.
Two ISR three-wave diffractions O ,G ,L and O ,−G ,
−L are required for a quantitative estimation of triplet
phases for single crystals Fig. 1b,11–14 where the crystal
usually needs to be turned upside down when changing the
diffraction geometry from O ,G ,L to O ,−G ,−L. To mea-
sure resonance phase shifts, the ISR diffractions are per-
formed at various photon energies E covering the absorption
edges of the constituent atoms.1,11,12 The intensity modifica-
tions in the  scans around the reciprocal-lattice vectors of
the primary reflections G and −G are related to the triplet
phases 3, where + and − represent the O ,G ,L and O ,
−G ,−L cases, respectively. Moreover, one half of the sum
of the triplet phase 3+ =−G+L+G−L of the structure-
factor triplet FLFG−L /FG and 3− =−−G+−L+L−G of
F
−LFL−G /F−G is defined as the triplet resonance phase
=3++3− /2. Far away from the absorption edges, the
anomalous dispersion effect is negligibly small. The triplet
resonance phase for an ISR Friedel pair Fig. 1b is almost
zero. However, as the incident photon energy E is close to
the absorption edge, the phase shift  has an appreciable
magnitude due to a large anomalous dispersion.
The sample studied is a 500 Å thick 001 CdTe thin-film
epitaxially grown on the 001 InSb substrate by molecular
beams with lattice mismatch of only 0.05%.16 At room tem-
perature, the lattice constants are 6.482 and 6.476 Å for bulk
CdTe and for InSb, respectively.
The experiments are carried out at the double-crystal
monochromator DCM tender x-ray beamline 16A1 1–9
keV at the National Synchrotron Radiation Research Center
in Taiwan. The vertical and horizontal acceptance angles and
resolving power E /E are 6, 0.5, and 7000 mrad, respec-
tively. The resolution of the photon energy is 0.2 eV per step
by tuning the Si111 DCM. Because of the strong air ab-
sorption of soft x-rays, the whole experiment is held in a
high-vacuum environment 210−7 torr and an ultrahigh
vacuum compatible six-circle kappa diffractometer17 is used.
Difficulty in performing the ISR diffraction for thin films is
encountered because one cannot measure the diffracted in-
tensity from the backside of the thin film without suffering
heavy absorption from the thick substrate crystal. However,
crystals having a zinc-blende structure with a four-fold axis
symmetry along the 001 direction can be rotated around the
001 by 90° to produce a diffraction situation equivalent to
the inverse diffraction case without turning the sample crys-
tal upside down.18 In other words, for an ISR three-wave
diffraction, the primary reflection remains the same, i.e.,
00l¯ is equivalent to 00l, while the secondary reflection
changes from hkl to kh¯l. This is because the 90° rotation
around the 00l transforms hkl to kh¯l and the four-fold
symmetry of 00l and the lattice symmetry yield the equi-
valence of 00l and 00l¯. Hence, kh¯ l¯, the inversion of
hkl, is equivalent to kh¯l. Therefore, two pairs of the ISR
three-wave cases, 00000213¯1 denoted as “−” versus
0000023¯1¯1 denoted as “+” and 000002331 de-
noted as “−” versus 00000233¯1 denoted as “+”, are
measured at photon energies covering the Cd L3 and Te L3
absorption edges, respectively, at the peak positions of CdTe
002 and InSb 002 whose momentum transfers are
q1=1.9387 Å−1 and q2=1.9405 Å−1. Due to unavoidable
overlap between the diffraction profiles for E4.28 keV,
the Te L3 resonance diffraction is measured for E
	4.28 keV, which also covers the Sb L2 edge 4.38 keV.
According to the dynamical theory of x-ray
diffraction,11,14,19 the corresponding relative intensity distri-
bution of three-wave diffraction IG, proportional to the dif-
ference between the three-wave diffraction intensity IG3
and two wave IG2 of the primary reflection G,
IG = IG3 − IG2/IG2 1
can be fitted by an asymmetrical Lorentzian function, con-
sisting of symmetrical Lorentzian and Gaussian functions.1
L = a −  − b/ − 2 + c
2  ,
2
where the symbols + and − represent O ,G ,L and O ,
−G ,−L cases, respectively. The triplet phases can be calcu-
lated from the adjusted fitting parameters a, b, and c,
according to Eqs. 1–3, as
tan 3 = b − b
/2ac. 3
Since the momentum transfer is given by qr=4sin  /
=2 /d, q1=1.9387 Å−1 and q2=1.9405 Å−1 shown in
Fig. 1c are the momentum transfers for the 002 of CdTe
and InSb, respectively. The ISR three-wave diffraction pair
with the primary reflection at q1 and q2 will provide the
phase information for that particular set of planes of the cor-
responding d. As can be seen in the upper panel of Fig. 2, the
asymmetry of three-wave diffraction profiles of the “−” case
labeled with open circles clearly changes when the photon
energy E crosses the Cd L3 edge at q1. This implies changes
of the triplet phases for E crossing the Cd L3 edge while the
profile asymmetries at q2 almost keep the same even near the
resonant state as shown in the lower panel of Fig. 2. Similar
situation is also observed for the Te L3 edge not shown.
III. DETERMINATION OF PHASE SHIFTS
DUE TO RESONANCE
The triplet and triplet resonant phases of all the ISR three-
wave diffraction pair are determined according to Eqs. 2
and 3 for q1 and q2. Figures 3a and 3b show the mea-
sured triplet resonance phases  at q1 and q2 versus E in the
vicinity of Cd L3 and Te L3, respectively. In Fig. 3a, the q1
curve labeled with solid squares shows nearly zero  value
for E less than 3.538 keV; the Cd L3 edge increases drasti-
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cally in the range of 30 eV above the edge and reaches a
plateau of 50° afterwards. While the q2 curve with open
circles shows less pronounced increase, about 5°, after the
edge and levels off for higher energies. This is because the q1
curve is measured at the CdTe 002 peak position, which is
more sensitive to the excitation of Cd than the q2 curve mea-
sured at the InSb 002 reflection position. In other words,
the anomalous dispersion effect detected due to Cd L3 is
more pronounced in the q1 curve than in the q2 curve. In Fig.
3b, the q1 curve behaves in a similar way as the q2 curve
shown in Fig. 3a, except that the plateau is about 70°
high. Although near the Te L3 edge 4.341 keV, there is the
Sb L2 edge; the anomalous scattering due to Sb L2 measured
at q1 is negligibly small compared to that due to Te L3.
Therefore, the q1 curve represents the energy distribution of
 due to the resonance near the Te L3 edge. In contrast, the
q2 curve of Fig. 3b is not sensitive to Te L3 but is very
sensitive to the Sb L2 anomalous scattering because the mea-
surements are measured at the 002 InSb peak position.
Hence, the anomalous scattering contribution from Te L3 to
the q2 curve of Fig. 3b would be similar to the contribution
from Te L3 to the q2 curve of Fig. 3a, which can be simu-
lated theoretically.
The calculated triplet resonance phases of CdTe and InSb
for different energies near the Cd L3 and Te L3 edges are
shown in Figs. 3c and 3d, respectively. The dispersion
correction f and f of the atomic scattering factor extracted
from the extended x-ray absorption fine-structure measure-
ment are included in the theoretical calculation. The presence
of Sb L2 edge 4.38 keV close to Te L3 edge 4.341 keV
complicates the phase analysis. However, we could then cal-
culate the resonance phase curve for Te L3 at qr=q2 the
dashed curve in Fig. 3e and subtract it from the q2 curve of
Fig. 3b. This leads to the resonance phase curve the open
circles for the resonance of Sb atoms at Sb L2 shown in Fig.
3e. As can be seen, the triplet resonance phase  has a peak
value of about 40° at the Sb L2 edge. The accuracy on the
measured phases is estimated around 5°. It should be noted
that the anomalous scattering contributions from the In L2
and In L3 are nearly null because the two edges are located at
3.938 and 3.730 keV, respectively, which are out of the range
of measurements for Te L and Sb L edges.
IV. DISCUSSION AND CONCLUSION
In conclusion, we have demonstrated the direct determi-
nation of resonance phase shifts near the Cd L3, Te L3, and
Sb L2 edges in CdTe/InSb thin-film system using momentum
transfer to select the excitation of the CdTe thin film or InSb
substrate in addition to photon energy tuning. In fact, this
x-ray method stated here is capable of determining resonance
phase for a variety of thin-film systems without restriction to
any specific elements. Furthermore, since the secondary re-
flected wave propagates along the interface in the Bragg-
FIG. 2. Profiles in the upper panel display the three-wave inten-
sities at energies crossing the Cd L3 edge as the primary reflection is
at q1 position; similarly, profiles in the lower panel are intensities
measured at q2, respectively. The intensities are given in the unit of
the two-wave intensity. Solid circles: 0000023¯1¯1 “+” case;
open circles: 00000213¯1 “−” case.
FIG. 3. a and b The triplet resonance phases versus the pho-
ton energies in the vicinity of the Cd L3 and Te L3 edges, respec-
tively. c and d The calculated phases of a and b and the
resonance phases e near the Sb L2 edge the open circles and the
calculated resonance phase curve for Te L3 at qr=q2 the dashed
curve.
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surface three-wave diffraction, abundant interface structural
information is carried by this surface-diffracted wave, which
should be useful for interface structure analysis. In fact, we
did try to utilize the momentum-transfer sensitivity of this
Bragg-surface resonance diffraction to determine the compo-
sitions of the interface between CdTe and InSb. Although the
high-resolution transmission electron microscopy failed to
identify the interface boundaries because of the proximity in
atomic number between Cd and In and between Te and Sb,
the measurement of the surface 13¯1 diffraction according
to Ref. 15 indicated negligibly small interface roughness.
Under such circumstances, the preliminary results showed,
qualitatively, the decrease in Cd and Te and increase in In
and Sb concentrations along the interface normal toward the
InSb substrate. Unfortunately, quantitative determination of
interface concentration is not possible due to peak broaden-
ing in momentum-transfer measurements.
Although the diffraction peaks were rather sharp, indicat-
ing that the CdTe film is of good crystal quality, the reso-
nance diffraction method proposed here is applicable to thin-
film systems of less perfect crystallinity as long as the ISR
three-wave diffraction profiles show distinct features irre-
spective of peak widths. Moreover, the phase analysis proce-
dure is based on a Born approximation,14 a kinematical ap-
proach, which is in principle valid to diffraction from less
perfect-crystal systems.
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